




































dBiosensors and Bioelectronics 26 (2011) 2922–2926
Contents lists available at ScienceDirect
Biosensors and Bioelectronics
journa l homepage: www.e lsev ier .com/ locate /b ios
evelopment of nanostructured bioanodes containing dendrimers and
ehydrogenases enzymes for application in ethanol biofuel cells
. Aquino Netoa, J.C. Forti a, V. Zucolottob, P. Ciancaglinia, A.R. de Andradea,∗
Departamento de Química, Faculdade de Filosoﬁa Ciências e Letras de Ribeirão Preto, Universidade de São Paulo, Avenida Bandeirantes 3900, 14040-901 Ribeirão Preto, SP, Brazil
IFSC, Universidade de São Paulo, CP 369, 13566-590 São Carlos, SP, Brazil
r t i c l e i n f o
rticle history:
eceived 10 September 2010
eceived in revised form 29 October 2010
ccepted 23 November 2010
vailable online 1 December 2010
eywords:
ayer by layer
a b s t r a c t
This paper describes the use of the electrostatic layer-by-layer (LbL) technique for the preparation of
bioanodes with potential application in ethanol/O2 biofuel cells. More speciﬁcally, the LbL technique was
employed for immobilization of dehydrogenase enzymes and polyamidoamine (PAMAM) dendrimers
onto carbon paper support. Both mono (anchoring only the enzyme alcohol dehydrogenase, ADH) and bi-
enzymatic (anchoring both ADH and aldehyde dehydrogenase, AldDH) systems were tested. The amount
of ADH deposited onto the Toray® paper was 95ng cm−2 per bilayer. Kinetic studies revealed that the LbL
technique enables better control of enzyme disposition on the bioanode, as compared with the results




ues achieved for the mono-enzymatic system as a function of the enzyme load ranged from 0.02 to
0.063mWcm−2 for the bioanode containing 36 ADH bilayers. The bioanodes containing a gas diffusion
layer (GDL) displayed enhanced performance, but their mechanical stability must be improved. The bi-
enzymatic system generated a power density of 0.12mWcm−2. In conclusion, the LbL technique is a very
attractive approach for enzyme immobilization onto carbon platform, since it enables strict control of
e bioenzyme disposition on th
. Introduction
Biofuel cells are a particular class of fuel cells in which enzymes
r microorganisms are employed instead of metallic inorganic cat-
lysts. These devices make use of renewable and clean catalysts,
romote more selective reactions, and can be employed in the
xidation of a wide variety of fuels, making then an interest-
ng alternative for operation at low temperatures (Bullen et al.,
006). Recently, increasing attention has been given to enzyme-
ased biofuel cells, in order to obtain renewable and sustainable
ower supplies with potential application in portable devices. The
xponential interest in biofuel cells accounts for the continuous
evelopment of this area (Bullen et al., 2006; Minteer et al., 2007;
mir et al., 2008; Sarma et al., 2009; Aquino Neto et al., 2010).
Although researchers have focused mainly on sugar-based bio-
uel cells, some research teams have also been devoted to the
evelopment of biofuel cells based on ethanol/O2. Akers et al.
2005) have studied the two-step oxidation of ethanol to acetate
sing a carbon anode containing both NAD+-dependents enzymes,
DH and AldDH. Sokic-Lazic and Minteer (2008) has also described
he ethanol oxidation using dehydrogenase enzymes in cascade.
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Despite the several advances obtained in this ﬁeld and the promis-
ing characteristics of these devices, many challenges still need
to be faced. One of the major obstacles to the preparation of an
efﬁcient biofuel cell is bioanodes stability and lifetime. Despite
the good results obtained by the research teams employing NAD+
or NADP+-dependents enzymes, the use of cofactor-dependent
enzymes introduces an extra problem due to their high prices and
the need of mediators for the exchange of electrons between the
enzyme and the electrode. For this reason, enzymes that do not
need cofactors are also being investigated, in order to achieve a
more simple electrode architecture (Treu et al., 2009).
The immobilization of enzymes onto platforms has attracted
the attention of many research teams worldwide, since a highly
stable enzyme layer can be obtained. Immobilized enzymes have
been employed in a wide range of scientiﬁc applications, such as
the preparation of biosensors and bioanodes (Sheldon, 2007). To
achieve better stability, it is crucial to ensure that the enzyme
is placed in a suitable environment, so that it can resist sud-
den changes in temperature, pH, and solution composition. One
of the critical points in the construction of a biofuel cell is the
Open access under the Elsevier OA license.choice of an appropriate process for enzyme immobilization, since
it directly affects the bioanode lifetime. PAMAM dendrimers have
been largely employed in the preparation of ﬁlm layers to be
applied in the detection of many different compounds (Tomalia
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arrow molecular weight distribution, and highly functionalized
erminal surface, PAMAM dendrimers exhibit good characteris-
ics for enzyme immobilization. Indeed, our research group has
reviously reported that PAMAM dendrimers represent a friendly
nvironment for ADH immobilization (Forti et al., 2010).
A suitable alternative strategy for the immobilization of biolog-
cal species onto layered thin ﬁlms is the LbL technique (Mattoso
t al., 1995; Decher, 1997; Oliveira et al., 2002). In this method,
he organized immobilization of biomolecules is carried out via
dsorption of the target species from aqueous buffer solutions
nder optimized pH and ionic strength conditions, in such a way
hat the activity of the compound is retained for long time peri-
ds. Recent papers have shown the viability of anchoring enzymes
nto PAMAM dendrimers using the LbL technique (Perinotto et al.,
008; Zucolotto et al., 2007a). Perinotto et al. (2008) have reported
hat ADH can be satisfactorily anchored with PAMAM onto Au elec-
rodes.
This paper describes the preparation of a bioanode for use in
thanol oxidation. The bioanode was obtained via immobilization
f dehydrogenase enzymes (ADH or AldDH) with PAMAM den-
rimers onto carbon paper platforms, using the LbL technique.
. Experimental
.1. Chemicals
All the reagents were analytical reagent grade and were used
ithout further puriﬁcation. The enzymes ADH (E.C. 1.1.1.1, ini-
ial activity of 331Unitsmg−1) and AldDH (E.C. 1.2.1.5, initial
ctivity of 1.02Unitsmg−1), both obtained from Saccharomyces
erevisiae lyophilized powder; the coenzymenicotinamide adenine
inucleotide hydrate (NAD+); and the polyelectrolyte PAMAM gen-
ration 4 were purchased from Sigma–Aldrich. One enzyme unit
U) is deﬁned as the amount of enzyme that produces 1mol of
ADH, which also corresponds to the hydrolysis of 1mol ethanol
o acetaldehyde per minute. Coomassie brilliant blue G-250 (CBBG)
as acquired from Merck.
All the solutions were prepared with high-purity water from a
illipore Milli-Q system, and pH measurements were carried out
ith a pH electrode coupled to a Qualxtron model 8010 pH meter.
ll the enzyme and coenzyme solutions were freshly prepared and
apidly used.
.2. Kinetics of the immobilized enzymes
The substrate hydrolysis activity of the dehydrogenase enzymes
as investigated at 25 ◦C, by following the reduction of NAD+
o NADH at 340nm (ε340nm, pH 7.5 =6220mol L−1 cm−1) in a
V/visible spectrophotometer Ultrospec 5300 pro from Amersham
iosciences, using thermostatic quartz cells of 1 cm path length.
he assay conditions in buffer solution (Tris–phosphate 20mM,
H 8.6) were 1.9mmol L−1 NAD+ and 100mmol L−1 ethanol, to a
nal volume of 1mL. The reaction was initiated by addition of
he immobilized enzyme to the solution. The absorbances were
hen recorded for 5min (with an interval of 2 s between each
easurement), and the initial velocity was calculated by linear
egression during the ﬁrst 2–3min of reaction. Data are reported
s the mean± standard deviation of triplicate measurements, and
ere considered to be statistically signiﬁcant at P≤0.05.
.3. Protein quantiﬁcationProtein quantiﬁcation during the LbL procedure was performed
ccording to Bradford’s (1976) method by measuring the variation
n the enzyme solution concentration after each adsorption step.
he detection limit of themethod is about 1ng enzyme. To this end,electronics 26 (2011) 2922–2926 2923
coomassie brilliant blue G-250 (100mg) was dissolved in 50mL
ethanol. Next, a volume of 100mL phosphoric acid was added to
this solution, which was then diluted to 1 L with water and imme-
diately ﬁltered twice. For the assay, a volume of 1.5mL dye reagent
was added to 1mL of the diluted enzyme solution. After 5min,
the absorbance was measured at 595nm against a blank without
enzyme. For enzyme quantiﬁcation, a calibration graph using ADH
was constructed in the 1–50g range, which furnished a linear-
ity of 0.998 (experimental details can be found in supplementary
material).
2.4. Treatment of the carbon paper support and preparation of
the GDL
All the carbon paper supports were pretreated before bioanode
assemblyby the LbL technique, in order to enhance thehydrophilic-
ity of the surface. First, 1 cm2 Toray® paper (carbon ﬁber paper,
TGP-H-060, Fuel Cell Earth, Stoneham, MA.) samples were heated
at 450 ◦C for 1h, to remove impurities. The introduction of car-
boxyl groups on the carbon surface was achieved by treatment of
the support with nitric acid (Moreno-Castilla et al., 1996). In a glass
thermostatized reactor, the samples were stirred with 200mL con-
centrated nitric acid at 80 ◦C for 24h. Then, the carbon papers were
ﬁltered, and thoroughly washed with water, to remove the acid,
which was followed by drying with air at 110 ◦C for 2h.
The GDL was composed by a mixture of polytetraﬂuoroethy-
lene (PTFE, Teﬂon® 30-N, DUPONT aqueous dispersion) and Carbon
Vulcan XC-72 in isopropanol solution. The carbon–PTFE paste was
prepared by stirring 100mg Carbon Vulcan with 5mL isopropanol
and 10wt.% PTFE aqueous dispersion, until drying. Then, other 5mL
isopropanol were added to the paste and stirred for 3h. The paste
was added on the carbon paper by brushing, which was followed
by heating at 240 ◦C for 30min and sintering at 350 ◦C for 1h.
2.5. Preparation and characterization of the bioanodes
The bioanodes were prepared by anchoring the enzymes onto
both sides of a 1 cm2 Toray® paper. To this end, methylene
green was employed as electrocatalyst for NADH oxidation (Moore
et al., 2004; Zhou et al., 1996). Prior to enzyme immobiliza-
tion, a stable methylene green ﬁlm was electropolymerized at
the carbon support by performing cyclic voltammetry from −0.3
to 1.3V vs. Ag/AgCl for 12 sweep segments, at a scan rate of
50mVs−1, in a solution containing 0.4mmol L−1 methylene green
and 100mmol L−1 sodium nitrate in 10mmol L−1 sodium tetrab-
orate. After poly(methylene green) formation, the PAMAM and
dehydrogenase enzymes were anchored onto the support by using
a buffer solution containing Tris–phosphate 20mM, pH 8.6. The
bioanode assembly was carried out by immersing the substrates
into the PAMAM (2mgmL−1) and enzymes (1mgmL−1) solu-
tions for 5 and 15min, respectively. The substrates were rinsed
with the buffer solution after each deposition. A experimental
scheme describing the preparation of the bioanode can be found
in supplementary of this manuscript.
To investigate the inﬂuence of the immobilization environment
on the performance of the bioanode, bioanode samples were
also produced by means of the passive adsorption technique. To
this end, 50L of a solution containing both the enzyme and the
dendrimers (at a 1:2 ratio) using 1.9mmol L−1 NAD+ was pipetted
onto the electropolymerized electrode, followed by drying. The
ﬁnal enzyme concentration on the bioanode was 28 U ADH (Forti
et al., 2010).
Power and current density measurements were accomplished
in a cell consisting of two compartments separated by a Naﬁon®
membrane, similar to that used by Moehlenbrock and Minteer
(2008). A gas diffusion membrane (ELAT) composed by plat-









































rig. 1. NADH conversion rate as a function of the number of ADH bilayers anchored
nto the bioanode surface. Tris–phosphate 20mM, pH 8.6, NAD+ 1.9mmol L−1, and
thanol 100mmol L−1.
num 20% in C (E-TEK) hot pressed in a Naﬁon® membrane was
mployed as the cathodic material. The cathodic side was kept in
irect contact with air. The cell compartment (10mL) was ﬁlled
ith buffer solution (Tris–phosphate 20mM, pH 8.6), 1.9mmol L−1
AD+, and 100mmol L−1 ethanol. The assays were performed at
oom temperature (25±1 ◦C), and were controlled by a Potentio-
tat/Galvanostat Model 273A-PAR. The OCV was measured for 1h,
nd linear voltammetry was recorded at a scan rate of 1mVs−1.
owerdensitywas calculated fromtheobtaineddata. All the results
rom the power tests are based on the measurement of triplicate
amples.
. Results and discussion
.1. Bioanode assembly in the single enzymatic system
In theﬁrst stageof this investigation,ADH-containingbioanodes
ere prepared for the single step oxidation of ethanol involv-
ng a two-electron reaction with formation of acetaldehyde. The
mount of ADH deposited onto the Toray® paper was measured
y quantiﬁcation of the enzyme solution after each adsorption
tep. The average ADH mass encountered in each bilayer was
5ng cm−2. Similar results have been reported for the anchoring
f ADH with PAMAM dendrimers onto Au electrodes, with a mass
f 46.1ng cm−2 of ADH being adsorbed in each deposition step
Perinotto et al., 2008). Disregarding the experimental differences,
ur data suggest that the larger ADH mass deposited onto the car-
on paper is probably due to the higher surface area of the support
mployed in this investigation and also due to the different adsorb-
ion behavior between both support materials investigated.
To evaluate the activity of the enzyme after the immobilization
rocess, enzymatic kinetic assays were carried out after prepara-
ion of the bioanode. Fig. 1 depicts the velocity of NADH conversion
or the bioanodes in the case of the single enzymatic system as a
unction of the anchored ADH load.
The results reveal that the ADH load directly inﬂuences the
eaction kinetics. Loss of linearity above ca. 6 bilayers and the
ubsequent formation of a plateau are also observed. After 12
ilayers, the kinetic values start to decrease, probably because of
ome diffusional limits imposed by the larger quantities of both
AMAMandADH added to the electrode. Comparison of the kinetic
alues with those achieved for ADH in solution (Vmax =70mol
ADHmin−1 mg−1) clearly shows that there is a pronounced
eduction in the activity of the enzyme after the immobilizationFig. 2. Powerdensity curves as a functionof thenumberofbilayers for thebioanodes
at a single enzymatic system. Inset: maximum power density as a function of the
enzyme load.
process, probably caused by the difﬁcult access of the substrate
to the ADH catalytic sites imposed by the presence of PAMAM
dendrimers. Nevertheless, the kinetic results (Vmax =0.45mol
NADHmin−1 mg−1) clearly evidence that the LbL technique pro-
vides much better control of enzyme disposition onto the bioanode
surface compared to the electrode prepared by the simple pas-
sive adsorption technique (Vmax =0.02mol NADHmin−1 mg−1)
employed in our previous investigation (Forti et al., 2010). The
incorporation of enzymes and dendrimers into a layered structure
tends to diminish the surface density of the immobilized enzyme,
which allows the enzyme molecules to reorientate on the bioan-
ode surface, thereby facilitating substrate access to the active site
of the enzyme. In addition, the porous structure of the PAMAM lay-
ers facilitates the diffusional process along the bioanode surface
(Perinotto et al., 2008; Zucolotto et al., 2007b).
Power tests with the freshly prepared bioanodes were per-
formed as a function of the ADH load, from 3 to 36 bilayers.
Polarization data of the prepared bioanodes as a function of the
ADH load are presented in Fig. 2. It is clear that both current and
power density are enhanced as the enzyme load on the anode sur-
face is increased (large number of bilayers), as shown in the inset
of Fig. 2. However, a plateau start to form at 10 bilayers. After 36
bilayers, the power density values should probably decrease with
enzyme load because all the diffusion processes in the bioanode
tend to diminish at higher enzyme loading.
The power density values depicted in Fig. 2 as a function of the
ADH load are in the 0.02–0.06mWcm−2 range. Before the cyclic
voltammetry experiments, the bioanodes had been kept in the
cell solution for 1h for the OCV measurements. The OCV values
ranged from 0.52 to 0.63V vs. SCE, which is comparable with val-
ues reported in most of the papers published recently (Bullen et al.,
2006; Minteer et al., 2007; Amir et al., 2008; Sarma et al., 2009;
Aquino Neto et al., 2010).
To evaluate the effect of the methodology utilized for enzyme
immobilization on the performance of the bioanode, a sample
was prepared by the passive adsorption technique employing the
same platform (Toray® paper). The results showed that despite
the higher load of attached enzyme (ADH up to 28U), the max-
imum power density achieved with the latter methodology was
only 0.01mWcm−2, against the value of 0.06mWcm−2 obtained
with the bioanode prepared with 36 bilayers by the LbL technique.
Besides the increase in thepowerdensity, a further advantageof the
LbL technique is that a 25-fold decrease in the quantity of enzyme








































pig. 3. Power density curves obtained for the freshly preparedbioanodes comparing
he results obtained in both the presence and absence of a GDL.
eads to a six fold increase in power density. This is a very important
esult considering that the cost of enzyme production has hindered
he development of biofuel cells.
The bioanode with 36 bilayers was considerably stable over a
eriod of 45 days, as evaluated by recording successive polarization
ata employing the same bioanode sample. The sample was kept in
uffer solution at 4 ◦C for a period of at least 5 days before each test.
.2. Bioanode assembly with a GDL
Despite the good results in power density achieved by means
f the LbL technique (0.06mWcm−2) as compared with passive
dsorption (0.01mWcm−2), there is a considerable difference in
he bioanode performance in the present case compared to our
revious investigation (Forti et al., 2010). In fact, the rough carbon
loth (HT1400W, ELAT® GDL–BASF), containing a GDL employed
n our previous paper, was able to provide power densities in the
rder of 0.28mWcm−2 with 28 U ADH anchored, which is a much
igher value compared to the ones achieved with the carbon sup-
ort employed here. A factor that might have contributed to the
ower activity of the electrode prepared in this investigation is the
bsence of a GDL in the employed support. In fact, the presence
f a GDL increases the total surface area, thus providing sufﬁcient
niformity, efﬁcient electronic conductivity, enough porosity and
llowing for the formation of a rough catalyst layer. Because NAD+-
ependent enzyme is being employed, amethylene greenmediator
lm must be used prior to enzyme immobilization. Considering the
ature of the support, a dense and more compact ﬁlm should be
btained if thematerial contains aGDL.Also, the carbonﬁbers allow
or the formation of a more disperse three-dimensional structure,
hich can promote increased area.
The choice of the support material to be applied in this inves-
igation was made considering the hydrophilicity required by the
bL technique. Despite the good characteristic of the carbon cloth
ontaining a GDL, this feature of commercial supports makes the
aterial highly hydrophobic,whichhinders the use of the LbL tech-
ique for bioanode assembly. In order to conﬁrm the role of the
DL and explain the huge difference in terms of bioanode activity,
sample using Toray® paper with a freshly homemade GDL was
repared before enzyme assembly by the LbL technique.
For this purpose, the diffusion layer was speciﬁcally designed
o contain low Teﬂon® content, in order to furnish a support with
nough hydrophilicity and avoid interference in the self-assembly
rocess. Fig. 3 corresponds to thepowerdensity curves obtained forFig. 4. Representative power density curves for both bioanode samples containing
a double enzymatic system prepared with 36 bilayers.
the freshly prepared bioanodes, where the results achieved in both
the presence and absence of a GDL are compared. It is clear that the
presence of GDL provides a signiﬁcant gain in terms of bioanode
performance for both kinds of bioanodes; i.e., those prepared by
passive adsorption and those obtained by the LbL technique.
Fig. 3 reveals a large elevation in the power density of the
bioanode prepared via passive adsorption, with values rising from
0.01mWcm−2 to 0.05mWcm−2. As for the bioanode prepared via
the LbL technique, the presence of a GDL increased the power den-
sity values from 0.06mWcm−2 to 0.08mWcm−2. Comparison of
the bioanodes performance containing a GDL prepared by the two
different techniques conﬁrms the better activity of the bioanodes
prepared by the LbL technique. However, despite the good power
density results obtained in the presence of the GDL, the bioanodes
prepared with a homemade GDL were not mechanically stable.
Indeed, the GDL–bioanode displayed considerable stability for a
period of 20 days only.
3.3. Bioanode assembly at the double enzymatic system
Another way of enhancing bioanode activity is to increase the
number of electrons exchanged by the system. Indeed, the energy
is expected to rise when both ADH and AldDH are employed,
because together, these two enzymes are responsible for the pro-
duction of 4 of the total of 12 electrons produced in the complete
oxidation of ethanol. Bioanode assembly using the LbL technique
at a double enzymatic system, for ethanol oxidation to acetic
acid, was performed in two different ways. A ﬁrst sample, named
S1, was prepared by immersing the substrate into the polyca-
tionic (PAMAM) and polyanionic (containing a mixture of ADH and
AldDH) solutions, so the ﬁnal architecture of the bioanode followed
the sequence ADH+AldDH/PAMAM. A second sample, named S2,
waspreparedbyanchoring theenzymesonto separate layers, so the
ﬁnal architecture of the bioanode was ADH/PAMAM/AldDH. Fig. 4
shows the representative power density curves for both S1 and S2
bioanodes, prepared with 36 bilayers. The enzyme load was the
same in both samples.
The results revealed that the bioanode containing a mixture of
ADH and AldDH in the polyanionic layer generated a power density
of 0.072mWcm−2. In turn, the bioanode prepared by intercalating
the enzymes in separated layers (ADH/PAMAM/AldDH) generated
a power density of 0.12mWcm−2. It had been expected that the
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ioanode system should increase the bioanode power by twofold,
ut this behavior was only detected for sample S2. As for sample
1, the presence of AldDH just slightly enhanced the power den-
ity value. These results indicate that the diffusional process on
ioanode S2 is probably facilitated by the presence of intercalated
ilayers. It can also be said that the acetaldehyde molecules dif-
using from an ADH layer to an AldDH layer, enhance the kinetics
f the process. On the other hand, besides the diffusional limits
mposed by the layer with a mixture of enzymes, the lower power
ensity obtained with bioanode S1 can be understood by consider-
ng that acetic acid is being formed inside the layer containing the
ixtureof enzymes. This compoundacts as anADH inhibitor, possi-
ly diminishing ADH activity and consequently affecting bioanode
erformance negatively.
. Conclusions
The anchoring of enzymes onto carbon supports by the LbL
echnique using PAMAM dendrimer has been proposed for the
reparation of bioanodes for application in biofuel cells. The pre-
ared bioanode proved to be capable of producing power density
alues comparable with those published in the recent literature.
lthough good power density results were obtained for the bioan-
des containing a GDL, the latter were not mechanically stable;
mprovements in the bioanode preparation, such as the choice of
upport and also in the employed GDL, are under investigation.
The current density increases with rising power density when
n additional dehydrogenase enzyme is immobilized onto the elec-
rodesurface. Thepreparedbioanodesdisplaypowerdensityvalues
n the order of 0.063mWcm−2 for the single enzymatic system, and
.12mWcm−2 for the double enzymatic system.
It is known that a proper immobilization method is important
or future large-scale applications. The use of enzymes for this kind
f purpose has been limited by several factors, such as the high cost,
ow instability, and scarce availability of enzymes. In this context,
he LbL technique has been proven to be a very attractive approach
or enzyme immobilization, with great potential for application in
he assembly of bioanodes with major control of enzyme arrange-
ent on the bioanode surface as well as very low consumption of
nzymes.electronics 26 (2011) 2922–2926
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